Abstract: Lasing of self-organized helical cholesteric liquid crystal (CLC) micro-droplets was achieved based on emulsification of CLC/Polymer/Water mixture. It was found that the concentrations of CLC and polyvinyl alcohol play an obvious role on the improvement of lasing performance as the ratio of their concentrations is in the range of 1:10~1:9. In addition, the size of CLC micro-droplet is dependent on aforementioned concentrations, and shows to be proportional to lasing energy threshold.
Introduction
Cholesteric liquid crystal (CLC) is a typical self-organized photonic superstructure which possesses many unique and interesting properties with potential applications. By virtue of its one-dimensional periodic structure, and embedded some amount of laser dyes, the CLC laser was achieved with an external pumping [1] . Such kind of lasing system has attracted tremendous attention due to the competitive advantages including simple fabrication, lower threshold and wide tuning range over the conventional lasers. The mechanism of CLC lasing can be explained by the photonic crystal model, i.e., the photon density of state (DOS) is suppressed in a certain energy gap called photonic band gap (PBG) but enhanced at the band edges where the group velocity of the photons approaches zero [2, 3] . Lasing generally occurs at the band edges owing to the maximum DOS. Schmidtke et al. experimentally verified that the lasing usually generates at the long-wavelength edge of the CLC band gap [4] . Accordingly, the approach of utilizing external stimuli such as temperature [5] [6] [7] , light [8] [9] [10] [11] [12] [13] , electric field [14, 15] , and mechanical stress [16] to change the periodic structure (i.e., helical pitch) of CLC and consequently tune the lasing wavelength has been extensively adopted in series of previous works. In addition, both of the emission intensity and polarization can be electrically controlled [17] [18] [19] . An omnidirectional lasing of CLC droplets based on the mixture of CLC and glycerol was reported [20] .
Recently, a novel CLC micro-droplet laser based on emulsion consisting of aqueous solution of the polymer, polyvinyl alcohol (PVA), and the CLC doped with a small amount of laser dye was demonstrated [21] [22] [23] . Distinct from the conventional CLC laser which should be confined in a planar aligned liquid crystal (LC) cell, such CLC micro-droplet laser can be formed just by covering the emulsion on a single substrate without any surface alignment, thereby significantly simplifying the preparation process and enabling the realization of film laser by coating the material on a flexible substrate. The drying of wet emulsion under room temperature leads to a shrinkage of the material on thickness, thereby forcing the random distributed helical axes of CLC droplets to transform into a uniform alignment perpendicular to substrate. Excited with a certain pumping light, the laser is emitted along the normal direction of substrate. In the very recent, a broad wavelength-tuning of such micro-droplet laser stimulated by light was realized through the doping of photosensitive azobenzene based chiral molecular switch [24] .
Generally, the performances of such CLC micro-droplet laser are closely related with the arrangement of LC molecules in the droplet; while the arrangement is mainly influenced by the size of CLC droplets and the density of polymer network if the anchoring and pumping conditions are invariable. In other words, there must exist an optimized condition for the content of the components-PVA and CLC, which plays an essential role in the characteristic of the dried laser film and further in the performance of laser emission. However, the relevant works aiming at such aspect are rarely and lack of systematic study at present. In this paper, the concentrations of PVA and CLC were varied, in order to explore their influences on the characteristic of laser film as well as the performance of laser emission. Furthermore, the size and the distribution of CLC micro-droplets, and their lasing energy thresholds (LETs) were investigated.
Materials and experiments
CLC was composed by a commercial nematic liquid crystal SLC1717 (from SliChem, China) and a certain amount of chiral dopant, R811 (from Merck). A small amount of laser dye (~0.5 wt%), 4-dicyanomethylene-2-methyl-(6-4-dimethylaminostryl)-4H-pyan (DCM, from Aldrich), was doped into CLC as the gain medium. The weight ratio of R811 was 26.3% for the consideration of the matching between the PBG of CLC and the emission band of DCM. Such laser dye-doped CLC was mixed with the aqueous solution of polyvinyl alcohol (PVA, provided by ACROS ORGANICS, molecular weight: 16000) in further to form the CLC emulsion. The emulsion was uniformly coated on a glass substrate using the doctor blade; the thickness was controlled by two 80-μm-thick Kapton strips as illustrated in Fig. 1(a) . The samples were reserved in a dark ambient at room temperature until the water was evaporated. Consequently, the thickness of dried film shrank, forming many dispersed oblate LC droplets.
A linearly polarized second-harmonic switched neodymium-doped yttrium aluminium garnet (Nd:YAG) pulsed laser (λ = 532 nm; pulse width: 8 ns; Beamtech Co. Ltd. Canada) was used as the pumping source to excite the laser dye in the samples; and a quarter wave plate was set to convert the pump laser to the left-handed circular polarization, i.e., opposite to the handedness of CLC. The emitted laser was detected and tested by a fiber connected USB spectrometer (Avaspec-2048 from Avantes, resolution: 1.60 nm). Several samples with different concentrations of CLC and PVA were prepared. The concentration of the CLC-x-varied from 1wt% to 5wt%, specifically 1wt%, 2wt%, 2.3wt%, 2.5wt%, 3wt%, 4wt% and 5wt%; likewise, concentration of PVA-y-varied from 10wt% to 24wt% with the interval of 2wt% (the mixture would go beyond saturation if the ratio of PVA exceeds 24wt%). The remaining part was water. To evaluate the characteristic of laser emission of the samples, a parameter-F-was defined, representing the number of effective CLC micro-droplets (herein, effective droplet was defined as a droplet possesses the well-defined helical structure and can be excited to emit the typical laser). The larger of F, the better lasing performance of the sample. For facilitating numerical statistic of such microdroplets, herein, as depicted in Fig. 1(b) , the entire sample was uniformly divided into twentyone regions. The number of effective CLC micro-droplets in every region were counted and summed up to obtain the value of F. Similar experiment was carried out for three times and the average value of F was calculated. Consequently, the optimized weight ratios of the components in the mixture were determined.
Results and discussions
The typical texture of an effective CLC micro-droplet (inset of Fig. 2(a) ) and its corresponding lasing spectrum are shown in Fig. 2(a) . A uniform yellow-and-green reflection color was observed due to a well-defined helical structure of CLC with the helical axis perpendicular to the substrate; the defect rings were caused by the molecular anchoring from the curve surface of CLC micro-droplet. The spectrum clearly shows a single-mode laser emission with a peak at 607 nm which corresponds to the long-wavelength edge of the PBG of CLC micro-droplet. The band-width is about 1.5-1.7 nm, however the accurate band-width may be smaller than the tested value due to the resolution limitation of the spectrometer. The relationship between the pump energy and emission energy shown in Fig. 2(b) indicates an abrupt linear rising of emission energy as the pump energy increases to a turning point which is generally defined as the LET. Characteristic and performances of lasing connect closely to the contents of CLC and PVA as reflected in Table 1 . It is obvious that the number of effective CLC micro-droplets-F-decreases almost monotonically with the increasing of the weight ratio of CLC when the concentration of PVA-y-is constant; while there exists a maximum of this number as the content of CLC is invariable. In addition, it is noteworthy that the effective CLC microdroplets are significantly less in the cases of higher CLC-content (x≥2.5 wt%) and lower PVA-content (y≤16.0 wt%). Because of the phase separation between CLC and PVA and the emulsification, the above two cases usually lead to a large size of CLC droplets as shown in Figs. 3(a) and 3(b) , as well as the aggregation of these droplets, which disturbs the welldefined helical arrangement of LC molecules in the droplets and generates lots of defects as presented in Fig. 3(c) , consequently influencing the laser emission. However, it is not implied that a better lasing performance can be achieved at the situations of much lower concentration of CLC and higher concentration of PVA. Table 1 shows that the number of effective CLC micro-droplets is only 10 as the concentrations of CLC and PVA are 1.0 wt% and 24.0 wt%, respectively. This reason may lie in the size-decreasing of CLC micro-droplets and stronger anchoring of the polymer-PVA, which cause the light scattering and the distortion of the helical structure of CLC micro-droplets, resulting in the disappearance of laser emission, but arrangement defects, resulting in the increasing of the density of LET which leads to the abrupt rising of LET value starting from 4393 μm 2 as shown in Fig. 4 , however the linear relationship is still presented. Such linear relationships in both cases of large droplet size and small droplet size confirm the independence of the density of LET on the droplet size. The slope of line is proportional to the density of LET. It is noteworthy herein that the pumping light is focused to a smaller diameter which is comparable to the diameter of micro-droplet, and therefore the tested value of LET is significantly smaller than the previous reported one. Besides, the well helical arrangement of CLC and the thicker film (i.e., long gain-length) are another two possible reasons for the lower LET. Fig. 4 . Relationship between LET and the square of diameter of CLC micro-droplet. Hollow triangles indicate that the probability of the lasing of smaller droplet is lower than that of larger ones.
Conclusions
In conclusion, lasing of self-organized helical CLC micro-droplets was achieved based on the emulsification of CLC/Polymer/Water mixture. Such material is independent on the confinement of LC cell, and very easy to be achieved just by coating the material on one substrate without any alignment treatment, so it is promising in the future micro-photonic and display applications. The characteristic of the material and lasing performance are closely dependent on the component of materials. Herein, the influences of the concentrations of CLC and PVA on the performance of laser emission were investigated. The results indicate that the concentrations of CLC and PVA play an important role on the size of CLC micro-droplets, the distribution and number of effective CLC droplets, and the lasing energy threshold of the sample. Either lower or higher concentrations of CLC and PVA are not favorable to a better laser emission, therefore, a proper optimization of their concentrations is necessary for improving the lasing performance. Furthermore, the experiment shows a linear relationship between LET and the square of the diameter of CLC micro-droplet. This work might have profound significance on practical application of such laser material and facilitate mass production of the devices based on the material.
